





The	 interaction	 profile	 between	 CDC20	 and	
the	 components	of	 the	anaphase	promoting	




















(SAC)	 is	 the	most	 important	mechanism	 in	mitosis	 (3,	 10).	 The	 SAC	 functions	 to	 prevent	
premature	 sister-chromatid	 segregation	 -	 at	 anaphase	 onset	 by	 inhibiting	 the	 premature	
activation	of	the	anaphase	promoting	complex/cyclosome	(APC/C)	by	its	coactivator	CDC20	
(cell	division	cycle	protein	20)	(10,	12).	The	APC/C	is	a	large	multi-subunit	protein	complex	
which	 functions	 as	 an	 E3	 ubiquitin	 ligase	 and	 targets	 substrates	 by	 ubiquitination	 and	
consequently	destruction	by	the	proteasome	throughout	the	cell	cycle	 (reviewed	 in	61).	 It	
contains	three	functional	subdomains:	the	scaffolding	platform	consists	of	APC1,	APC4,	and	
APC5;	the	catalytic	domain	consists	of	APC2	(a	Cullin	family	related	protein),	APC10	(Doc1)	
and	 APC11	 (RING	 finger	 protein);	 and	 the	 TPR	 (tetratricopeptide	 repeat)	 lobe	 domain	
consists	 of	 APC3,	 APC6,	 APC7,	 APC8,	 APC13,	 APC16	 and	 Cdc26	 (Reviewed	 in	 63).	 The	
spatiotemporal	 activation	 of	 the	 APC/C	 is	 primarily	 achieved	 by	 sequential	 and	 regulated	
binding	to	its	two	co-activators,	CDC20	and	Cdh1	leading	to	the	formation	of	APC/CCDC20	and	
APC/CCdh1	 which	 are	 two	 E3	 ligase	 complexes	 (Reviewed	 in	 61).	 The	 APC/CCDC20	 primarily	






and	the	part	 that	 they	play	 in	 regulating	the	APC/C	 (50,	52).	Therefore,	 the	overall	aim	of	
this	 project	 is	 using	 PLA	 to	 investigate	 the	 protein-protein	 interactions	 between	 the	
components	 of	 the	 APC/C	 and	 its	 co-activator,	 CDC20;	 and	 the	 interactions	 among	 the	
subunits	of	the	APC/C	to	provide	insights	into	the	regulation	of	the	APC/C.	We	have	studied	
the	 in	 vivo	 protein-protein	 interactions	 between	 APC3-CDC20,	 APC8-CDC20,	 and	 APC11-
CDC20	and	intended	to	examine	the	interactions	between	CDC20	and	the	APC/C.	We	have	
also	 examined	 the	 dynamic	 assembly	 of	 the	 APC/C	 by	 looking	 at	 APC3-APC6,	 and	 APC3-
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													3.4.4	 Quantitative	 analysis	 of	 the	 PLA	 fluorescent	 signals	 of	 APC3-
CDC20	interaction	after	drug	treatment	

















hallmark	 of	 cancer	 (1-5).	 	 Cells	 have	 therefore	 evolved	 a	 mechanism	 for	 monitoring	 the	




sister-chromatids	 have	 attached	 to	 microtubules	 through	 their	 kinetochores,	 and	
appropriate	 tension	 has	 been	 generated	 (12).	 	 The	 SAC	 functions	 to	 delay	 the	 sister-
chromatid	 segregation	 -	 and	 thus	 the	 anaphase	 onset	 -	 by	 inhibiting	 the	 anaphase	
promoting	complex/	or	cyclosome	(APC/C),	through	altering	the	contact	between	the	APC/C	
and	 its	 coactivator	CDC20	 (cell	 division	 cycle	protein	20)	 (6,	 8).	When	all	 kinetochores	on	
each	 pair	 of	 sister-chromatids	 have	 attached	 to	 microtubules,	 and	 tension	 has	 been	
generated,	the	SAC	is	satisfied	and	CDC20	is	freed	to	activate	the	APC/C	by	recognizing	and	
degrading	 the	main	mitotic	 regulator	 proteins,	 cyclin	 B1	 and	 securin,	 thus	 facilitating	 the	
metaphase	to	anaphase	transition.		
Cyclin	 B1	 which	 activates	 CDK1	 (cyclin-dependent	 kinase	 1)	 in	 early	 mitosis	 is	
essential	 for	 driving	 cells	 to	 enter	mitosis	 (13-15).	 Securin	 locks	 the	 cohesin	 ring	 complex	
which	holds	the	sister	chromatids	together	and	prevents	them	from	premature	segregation	
(16,	 17).	 By	 degrading	 Cyclin	 B1	 and	 Securin	 at	 the	 end	 of	 mitosis,	 CDK1	 kinase	 activity	
becomes	 inactivated	 and	 separase	 is	 activated	 to	 unlock	 the	 cohesin	 ring,	 releasing	 the	
sister-chromatids,	 an	 facilitating	 the	 metaphase	 to	 anaphase	 transition	 and	 mitotic	 exit.		
However,	Cyclin	B1	and	Securin	are	not	the	sole	substrates	of	the	APC/CCDC20,	other	proteins	








In	 Drosophila,	 it	 has	 been	 shown	 that	 CDC27	 (APC3)	 and	 CDC16	 (APC6),	 the	 core	
components	of	 the	APC/C,	are	differentially	 localised	to	mitotic	chromosomes	and	spindle	
microtubules,	 which	 suggests	 that	 multiple	 forms	 of	 the	 APC/C	 might	 exist	 (64).	 More	
recently,	it	has	been	suggested	that	by	interacting	with	different	component	of	the	APC/C,	
for	 instance	 APC3	 and	 APC8	 in	 prophase	 and	 metaphase,	 CDC20	 can	 mark	 different	
substrates	 such	 as	 cyclin	 A	 and	 cyclin	 B1	 for	 ubiquitination	 and	 hence	 degradation	 (20).	
However,	 exactly	 when	 and	 where	 the	 interactions	 between	 CDC20	 and	 these	 APC/C	
subunits	 occurs	 in	 vivo	 has	 never	 been	 discovered.	 Also,	 if	 the	 formation	 of	 the	 multi-
subunit	complex	of	the	APC/C	is	cell	cycle	regulated	or	if	it	persists	throughout	the	cell	cycle	







which	 allows	 the	 organism	 to	 grow,	metabolise	 and	 repair	 its	 damaged	 tissues	 (24).	 The	
eukaryotic	 cell	 cycle	 is	normally	 comprised	of	 four	 stages:	 growth	phase	1	 (G1),	 synthesis	
phase	 (S),	growth	phase	2	 (G2)	and	mitosis	 (M).	 In	G1,	cells	 increase	their	size.	Once	they	
have	grown	 to	 their	 proper	 size,	 cells	 then	enter	 S	phase,	where	DNA	duplication	occurs.	
After	S	phase,	cells	continue	to	grow	during	G2,	and	accumulate	essential	resources,	such	as	



























enter	 prometaphase.	 Kinetochores	 are	 formed	 at	 the	 centromere	 region	 of	 the	 sister	
chromatids,	microtubules	are	nucleated	from	both	the	centrosomes	and	the	centromeres,	
and	these	microtubules	begin	to	search	for	and	interact	with	unattached	kinetochores	(25,	
26).	 The	 proper	 attachment	 of	 kinetochores	 induces	 changes	 both	 on	 kinetochore	
conformation	and	mitotic	spindle	dynamics,	which	 in	turn	generates	the	pulling	force	that	
drives	the	chromatid	towards	the	plus	end	of	the	spindle.	Spontaneously,	the	counteracting	
force	 is	produced	by	 the	SAC	to	maintain	 the	 temporal	geometry	of	 the	sister	chromatids	
(25,	 26,	 reviewed	 in	 83,	 84).	 	 Once	 all	 of	 the	 kinetochores	 have	 been	 properly	 bound	 by	
microtubules,	 the	SAC	 is	 satisfied	and	 the	 counteracting	 force	 is	 eliminated	allowing	each	
pair	 of	 chromosomes	 to	 be	 pulled	 apart,	 and	 allowing	 anaphase	 to	 be	 initiated	 (27-29).	
During	 anaphase,	 the	 sister	 chromatids	 are	 separated	 and	pulled	 to	 the	 spindle	 poles.	As	




cohesin	 ring	 complex	 (16,	 17).	 Finally,	 the	 destruction	 of	 cyclin	 B	 to	 inactivate	 the	 CDK1	
kinase	activity	will	allow	the	chromatids	to	decondense	and	the		daughter	nuclear	envelope	





Schematic	diagram	shows	the	five	 substages	of	mitosis.	The	Orange	circles	 represent	 cells,	 the	grey	 circle	 in	
solid	and	dashed	lines	are	the	nuclear	envelop	and	broken	nuclear	envelop,	respectively,	the	green	tickles	are	
centrosomes,	 the	dark	 green	 lines	 are	microtubules	 and	 the	 red	 and	 blue	 lines	are	 different	 pairs	 of	 sister-
chromatids.	
	
Here	 the	 question	 raised	 is,	 how	 do	 the	 cell	 cycle	 stage,	 as	 well	 as	 the	 mitotic	
















and	 the	progression	of	mitosis	 is	dependent	on	cyclin	B-CDK1	 (31,	32).	At	 the	 same	 time,	
although	Cyclin	B	is	ubiquitylated	by	the	APC/C	and	subsequently	marked	for	degradation,		
the	APC/C	itself	 is	also	a	substrate	of	Cyclin	B-CDK1	(33).	 In	early	mitosis,	the	activation	of	
the	 APC/C	 is	 a	 binary	 process	 through	 Cyclin	 B-CDK1	 phosphorylation.	 Firstly,	 the	
phosphorylation	of	 the	APC/C	 core	 subunits	 (e.g.,	APC7,	APC3,	APC6	and	APC8)	 facilitates	
the	binding	of	CDC20	(30,	34,	35);	secondly,	the	phosphorylation	of	CDH1	prevents	it	from	
binding	to	the	APC/C;	and	thus	ensures	that	APC/C-CDC20	is	the	sole	ubiquitin	ligase	at	this	
stage	 (36).	 Once	 activated,	 the	 APC/C-CDC20	 complex	 initiates	 the	 ubiquitination	 and	
degradation	of	cyclin	B	(13-15).	In	late	mitosis,	the	declining	level	of	cyclin	B	results	in	cyclin	
B-CDK1	inactivation,	which	in	turn	stops	the	phosphorylation	of	CDH1.	CDH1	then	binds	to	
the	 APC/C,	 and	 the	 APC/C-CDH1	 complex	 targets	 CDC20	 as	 one	 of	 its	 substrates,	 and	
therefore	facilitates	the	cell	to	enter		the	G1	phase	(13,	37-40).	In	conclusion,	the	interplay	






proper	 cell	 cycle	 progression	 are	 called	 cell	 cycle	 checkpoints.	 There	 are	 three	 main	
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checkpoints	 throughout	 the	 cycle:	 the	 G1	 checkpoint,	 the	 G2/M	 checkpoint,	 and	 the	
metaphase-anaphase	checkpoint	(40).	
The	 G1	 phase	 is	 the	 time	 between	 the	 end	 of	 mitosis	 and	 the	 beginning	 of	 DNA	




checkpoint	 is	 a	 DNA	 damage	 checkpoint,	 which	 detects	 DNA	 damage,	 such	 as	 base	 loss,	
single-strand	 breaks	 or	 double-strand	 breaks.	 Once	 damage	 is	 detected,	 this	 checkpoint	
activates	repair	systems	to	fix	them,	or	it	will	induce	programmed	cell	death	if	the	amount	
of	damage	 is	beyond	 repair.	 Therefore,	 the	 integrity	and	health	of	 the	genetic	material	 is	
guaranteed	for	the	following	division	(42,	43).		
The	 checkpoint	 involved	 at	 the	 metaphase-anaphase	 transition	 is	 the	 spindle	
assembly	 checkpoint	 (SAC),	 which	 delays	 anaphase	 onset	 to	 guarantee	 accuracy	 of	
chromosome	segregation	(6).	The	SAC	is	believed	to	be	activated	after	NEBD,	and	lasts	until	
the	 last	 kinetochore	 -	 microtubule	 attachment	 is	 completed	 properly	 (7).	 Some	 people	





Aurora	 B	 kinase	 substrate	 for	 error	 correction	 (87).	 Therefore,	 tension	 appears	 to	 be	 an	
essential	index	of	robust	MT-KT	interaction,	rather	than	a	prerequisite	for	satisfaction	of	the	
SAC	(87,	88).	The	kinetochore	is	the	origin	of	the	signal	for	activating	the	SAC,	and	the	SAC	
strength	 varies	 according	 to	 the	 amount	 of	 unattached	 kinetochore	 (29,	 43).	 The	 SAC	
pathway	behaves	 as	 a	 cascade,	 and	 the	 assembly	of	 the	 kinetochore	 is	 a	 prerequisite	 for	
recruiting	 SAC	 proteins.	 In	 mammalian	 cells,	 the	 centromeric	 DNA	 associates	 with	
centromeric	 protein	 A	 (CENP-A),	 a	 histone	 3	 variant,	 which	 provides	 a	 docking	 site	 for	
recruiting	16	centromere	proteins	(CENPs)	to	assemble	as	constitutive	centromere	network	





12	 complex	 (MIS12)	 and	 nuclear	 division	 cycle	 80	 complex	 (NDC80),	 which	 is	 crucial	 for	
microtubule	interaction	and	cascading	of	the	SAC	signalling	(28,	29,	45).	At	the	unattached	
kinetochore,	 a	 monopolar	 spindle	 1	 (MPS1)	 kinase	 is	 tethered	 to	 the	 kinetochore	 by	 a	
phosphorylated	 Aurora	 B.	 	 This	 allows	 	 MPS1	 to	 phosphorylate	 KNL1	 (46)	 which	
subsequently	 binds	 BUB1	 and	 BUB3,	 and	 recruits	 BUBR1/Mad3	 to	 form	 the	 BUBR1-BUB3	
complex,	as	well	 as	 the	ROD-ZW10-Zwilch	 (RZZ)	 complex,	which	 is	a	 kinetochore	 receptor	
for	motor	 dynein-dynactin.	 These	proteins	 together	 recruit	 a	MAD1-C-MAD2	heterodimer	














activation	of	 the	APC/C.	On	 the	other	hand,	 the	BUBR1	of	 the	MCC	 inhibits	 the	APC/C	by	






degradation	 in	 a	 SAC	 independent	 manner,	 and	 the	 APC/CCDC20-MCC	 is	 responsible	 for	 the	
degradation	 of	 Cyclin	 B1	 in	 a	 SAC	 dependent	 manner	 (52).	 As	 the	 in	 vivo	 interaction	




As	 previously	 mentioned,	 the	 progression	 of	 the	 cell	 cycle	 is	 modulated	 by	 the	
activity	 of	 various	 CDKs,	 and	 the	 levels	 of	 their	 cyclin	 partners.	 These	 levels	 are	 in-turn	
controlled	by	 the	ubiquitin	proteasomic	system	(UPS).	 	The	UPS	consists	of	 three	 types	of	
enzymes	-	termed	E1,	E2	and	E3	-	which	perform	a	cascade	of	reactions,	resulting	in	a	post-
translational	modification	named	ubiquitylation	(50,	51).	Firstly,	ubiquitin	(Ub)	is	bound	and	














In	 addition	 to	 the	 cyclins,	 once	 the	 CDK-cyclins	 complexes	 are	 formed,	 there	 is	 a	
group	of	proteins	that	act	as	negative	regulators,	called	CDK	 inhibitors	 (CKIs).	The	balance	
between	the	Cyclins	and	the	CKIs	controls	the	timing	of	the	activity	of	the	CDKs	throughout	







the	 RING-finger	 based	 class	 are	 involved	 in	 regulating	 the	 progression	 of	 the	 cell	 cycle:	
termed	the	SKP/cullin/F-box-containing	 (SCF)	complex	and	the	APC/C	as	mentioned	above	
(51).	The	two	complexes	collaborate	with	each	other;	their	activities	covering	the	whole	cell	
cycle.	 The	 SCF	 complex	 is	 activated	 from	 late	 G1	 to	 early	 M	 phase,	 whereas	 the	 APC/C	
functions	from	the	middle	of	M	phase	until	the	end	of	G1	(50).		
The	SCF	complex	contains	 four	 subunits.	Three	of	 them	are	conserved	 (Skp1,	Rbx1	





p21,	 in	 turn	 producing	 the	 activation	 of	 CDK2-Cyclin	 E,	 and	 commencing	 the	 onset	 of	 S	
phase	 (57,	58).	 The	SCFSKP2	 complex	also	ubiquitylates	Cdt1	and	Orc1,	which	promote	 the	
transition	from	S	phase	to	G2.	By	the	end	of	G2,	another	F-box	protein,	β-Trcp	is	joining	in.	
SCF	 β-Trcp	 drives	 mitotic	 progression	 by	 targeting	 Wee1	 and	 Emi1	 for	 degradation.	 Wee1	
inhibits	 CDK1	 and	 Emi1	 is	 an	 APC/C	 inhibitor;	 thus,	 both	 act	 as	 mitotic	 inhibitors	 (60).	
Subsequently,	 after	 Emi1	 is	 degraded	 the	 control	 of	 the	 cell	 cycle	 is	 shifted	 to	 the	
APC/CCDC20-MCC		complex	and	in	early	mitosis	targets	substrates		such	as	Cyclin	A	and	Nek2A	























The	 vertebrate	 APC/C	 is	 composed	 of	 14	 different	 subunits	 and	 is	 organised	 into	 three	 structural	 domains.	
APC1-APC4-APC5	serves	as	a	scaffolding	platform;	the	cullin-like	protein	APC2	and	a	RING-finger	protein	APC11	








for	Rbx1.	Unlike	 the	SCF	complex,	 the	APC/C	has	 two	alternative	coactivators:	CDC20	and	
CDH1.	The	 function	of	CDC20	 is	 to	degrade	 the	mitotic	 cyclins	and	 securin	by	 recognizing	
their	 destruction	box	 (D-box)	motif	 (RXXLXXXXN)	before	 anaphase	onset	 (61).	Once	 the	B	






until	 the	metaphase-anaphase	 transition	 (51)	 and	 in	 early	mitosis,	 Emi1	 functions	 as	 the	
APC/C	inhibitor.	Following	Emi1	degradation,	the	SAC	is	actived	and	the	APC/C	is	 inhibited	
by	the	MCC	complex.	However,	even	in	the	presence	of	an	active	SAC	some	substrates	such	
as	 Nek2A	 and	 cyclin	 A	 can	 still	 be	 degraded	 (64-66).	 Nek2A	 is	 a	 centrosomal	 kinase	 that	
phosphorylates	 C-Nap	 and	 Rootletin	 which	 promotes	 centrosome	 separation	 and	 bipolar	
spindle	 formation	 (66).	 It	has	a	C-terminal	methionine-arginine	 (MR)	 tail	 that	binds	 to	 the	
APC/C	 subunits	directly.	Cyclin	A	 functions	on	 the	 initiation	of	 chromosome	condensation	
and	probably	the	NEBD	(62,	67,	68).	It	is	still	unclear	exactly	how	Nek2A	is	degraded	by	the	
APC/CCDC20	 (64,	 66),	 but	 evidence	 suggests	 that	 CDC20	 can	 bind	 to	 different	 sites	 on	 the	
APC/C	depending	on	the	state	of	the	SAC.	For	example,	CDC20	requires	binding	to	APC3	and	
APC8,	and	the	involvement	of	APC10	when	the	SAC	is	satisfied	and	Cyclin	B1	and	securin	are	
being	 degraded;	 but	 only	 requires	 binding	 to	 APC8	 to	 degrade	 Cyclin	 A	 while	 the	 SAC	 is	
active.		














The	APC/CCDH1	 continues	 to	 function	 in	 the	G1	phase,	 targeting	CDC6	and	geminin	




It	 is	 understandable	 that	 substrate	 degradation	 by	 the	 APC/CCDH1	 complex	 should	
come	after	that	by	the	APC/CCDC20	complex,	as	CDH1	can	help	recognize	both	the	D-box	and	
KEN	 box	 motifs.	 In	 addition,	 it	 has	 been	 suggested	 that	 binding	 of	 CDH1	 induces	 a	
conformational	 change	 in	 the	 APC/C,	 which	 favours	 the	 interaction	 of	 APC/CCDH1	 with	 its	






the	SAC	 is	 satisfied	and	most	hypotheses	are	centered	around	 the	 inherent	 complexity	of	
the	APC/C.	Theoretically,	only	four	components	of	the	APC/C	complex	have	corresponding	
subunits	 in	 the	 SCF:	 the	 catalytic	 subunits	 APC2	 and	 the	 substrate	 recognition	 subunits	
APC11,	and	APC10.	As	a	result,	research	into	the	control	of	the	timing	and	specificity	of	the	
APC/C	activity	is	focusing	on	how	the	other	APC/C	subunits	function.		
It	 has	 been	 suggested	 that	 specific	 TPR	 (tetratricopeptide	 repeat)	 protein(s)	 are	
required	for	particular	APC/CCDC20	substrates	(64).	APC7,	APC3,	APC6	and	APC8	are	four	TPR	
proteins,	 they	 are	 V-shaped	 dimers,	 providing	 binding	 sites	 for	 the	 scaffolding	 subunit	
APC10	and	one	of	the	activators,	which	forms	a	cavity	that	 is	thought	to	be	an	interaction	
site	 with	 the	 substrate	 (70).	 However,	 if	 this	 is	 true,	 is	 it	 necessary	 that	 all	 the	 APC/C	
subunits	 are	 present	 all	 the	 time?	 It	 is	 proposed	 that	 CDC20	 and	 CDH1	 bind	 to	 different	
regions	of	APC3	and	APC8	(61).	In	addition,	a	Drosophila	melanogaster	study	indicates	that	
APC3	 and	 APC6	might	 have	 distinct	 locations	 before	 anaphase	 onset	 (71).	 Over	 the	 past	
decade,	our	understanding	of	the	APC/C	has	increased	dramatically.	It	has	been	shown	that,	
as	well	as	regulating	cell	cycle	progression,	the	APC/C	also	functions	in	cell	metabolism,	cell	
mobility	 and	 gene	 transcription	 (61).	 Nevertheless,	 how	 the	 APC/C	 is	 assembled,	 and	
whether	it	requires	all	its	fifteen	subunits	for	every	cell	cycle	stage,	and	every	circumstance,	
remains	 unknown;	 as	 does	 how	 the	 APC/C	 collaborates	 with	 its	 activators	 to	 change	




To	 approach	 these	 questions,	 in	 situ	 proximity	 ligation	 assay	 (PLA)	 was	 the	 main	





protein-protein	 interactions	 in	 their	native	 state	 (http://www.olink.com/products/duolink/	
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applications/protein-interactions)	 (83-85).	 PLA	 utilizes	 two	 primary	 antibodies	 raised	 in	
different	 species	 to	 recognize	 the	 target	 antigens	 of	 interest,	 followed	 by	 using	 species	
specific	 secondary	 antibody	 probes	 with	 oligonucleotide	 conjugated	 tails	 to	 detect	 the	
potential	interaction	if	the	target	proteins	are	within	40nm	distance	(71-74).	PLA	can	detect	
the	protein-protein	 interaction	 in	spatial	and	temporal	profiles	within	a	single	cell	without	
the	 requirement	 of	making	 fusion	 proteins.	 However,	 there	 are	 some	weaknesses	 to	 the	
technique	 that	 need	 to	 be	 borne	 in	 mind.	 Firstly,	 the	 signals	 detected	 from	 two	 target	
proteins	which	are	within	40nmof	each	other	does	not	necessarily	represent	a	true	physical	
interaction.	 Secondly,	 the	 final	 signal	 output	 is	 polymerase	 dependent	 and	 therefore	 its	
sensitivity	 might	 vary	 (76).	 Furthermore,	 although	 PLA	 can	 assign	 signals	 to	 specific	
subcellular	 locations	 such	 as	 the	 cytoplasm	 or	 the	 nucleus	 (83),	 it	 might	 not	 provide	
sufficient	accuracy	to	localize	the	signals	to	superstructures	like	the	kinetochores.	Therefore,	



























centrosome	 staining,	 the	 secondary	 antibody	 used	was	 a	 goat	 anti-rabbit	 Dylight	 488	 nm	
antibody	(ab96899,	Abcam)	for	pairing	with	the	pericentrin	primary	antibody.	
2.1.2	Buffer	preparation	
















	 Hela	 K	 (Kyoto,	 named	 after	 Kyoto	University,	 Japan)	 cells	were	 kindly	 provided	 by	 Dr	
Diana	Papini	(Newcastle	University)	as	a	gift.	
DMEM	complete	Medium	for	cell	culture:	10%	(v/v)	fetal	calf	serum	(Sigma-Aldrich),	





according	 to	 their	 growth	 (normally	 the	 cells	 would	 be	 split	 after	 reaching	 70~80%	
confluence):	by	removing	the	media	 first	 from	the	culture	 flask,	 followed	by	washing	with	
5ml	1xPBS.	Then,	3ml	trypsin	(Sigma-Aldrich)	was	added,	and	the	flask	incubated	at	37℃,	5%	
CO2	for	3	minutes	to	detach	the	cells	from	the	flask.	After	incubation,	6ml	complete	DMEM	
media	 was	 added	 into	 the	 flask	 in	 order	 to	 suspend	 the	 trypsin	 activity.	 5ml	 of	 this	 cell	
culture	solution	was	removed	after	a	proper	rinse	and	agitation	(therefore	about	5/6	cells	
were	 removed)	 and	 replaced	 with	 11ml	 fresh	 complete	 media	 for	 maintaining	 the	 cell	
culture.	
Coverslips	 preparation:	 10	 mm	 diameter	 round	 bioscillate	 glass	 coverslips	 (VWR,	
Leuven,	Belgium)	were	sterilized	in	100%	ethanol	for	5	minutes	and	left	under	the	hood	for	






























of	 protein	 expression	 in	 individual	 cells.	 In	 this	 assay,	 the	 primary	 antibodies	 are	 used	 to	
target	proteins	of	 interest	and	the	specific	secondary	antibodies	are	used	to	recognize	the	
primary	 antibodies.	 The	 oligo	 tails	 conjugated	 on	 the	 secondary	 antibodies	 are	 ligated	 to	
form	 a	 template	 for	 rolling	 circle	 amplification	 (RCA)	 if	 the	 two	 target	 proteins	maintain	
physical	 contact	 or	 a	 gap	 of	 less	 than	 40nm.	 An	 oligonucleotide	 that	 is	 made	 up	 of	 the	
complementary	sequence	to	the	repetitive	unit,	and	conjugated	with	a	specific	fluorescent	









This	 PLA	 uses	 species-specific	 primary	 and	 secondary	 antibodies	 to	 detect	 proteins	 of	 interest.	 Secondary	
antibody	probes	have	oligonucleotide	tails.	The	tails	can	be	ligated	together	when	the	two	targeted	proteins	
are	 physically	 interacting	 or	 are	 less	 than	 40	 nm	 apart.	 The	 ligated	 oligo	 tails	 then	 serve	 as	 a	 template	 for	













Secondary	 antibody	 incubation:	 After	 washing	 with	 1xPBS,	 15μl	 commercial	







Amplification	 reaction:	 After	 washing	 with	 buffer	 A	 (2x2	 minutes	 with	 gentle	










diluted	 in	PBS)	was	added	to	each	coverslip,	 followed	by	 incubation	at	 room	temperature	
for	15	minutes.	
Mounting	 coverslips:	 After	 washing	 with	 1	 x	 PBS	 solution	 (2	 x	 5	 minutes),	 the	
coverslips	 were	 air	 dried	 on	 blue	 roll	 paper,	 mounted	 on	 microscope	 slides	 (Academy	
Science,	Beckenham,	UK)	with	5µl	mounting	solution	and	sealed	with	nail	glue.	
Imaging	acquisition	using	confocal	microscope	system:	Samples	were	scanned	using	
a	 Leica	 SP2	 confocal	 laser	 scanning	 microscope	 system	 with	 ‘HCX	 APO	 CS’	 40	 x	 1.25	 oil	
objective	 lens.	 The	 laser	 excitation	 wavelengths	 were	 set	 at	 405nm	 for	 detecting	 DAPI,	
488nm	 for	 the	 FITC	 (fluorescein	 isothiocyanate)	 signal	 and	 594nm	 for	 the	 TexasRed	
(sulforhodamine	101	acid	chloride)	fluorescence	produced	by	the	proteins	of	complexes	of	
interest.	The	laser	powers	were	set	at	34%	throughout	the	scanning	for	all	experiments.	
Quantification	 for	 fluorescent	 signals:	 Z-stack	 section	 images	 were	 projected	 to	
produce	a	single	image	for	quantification	of	the	collective	maximum	fluorescence	intensity	
to	 represent	 the	 whole	 volume	 of	 the	 cell	 or	 in	 selected	 regions	 of	 interest.	 ImageJ	





















The	 cell	 is	 encircled	 by	 white	 dash	 line;	 this	 boundary	 was	 defined	 by	 the	 background	 area	 of	 pericentrin	


















Mounting	 coverslips:	 After	 washing	 with	 1	 x	 PBS	 solution	 (2	 x	 5	 minutes),	 the	














Lysis	 cocktail	 solution:	 CelLytic™	 MT	 Cell	 Lysis	 Reagent	 (Sigma-Aldrich,	 C3228)	
containing	1x	protease	inhibitor	cocktail	(Sigma-Aldrich,	p8340).	
SDS-PAGE	Loading	buffer:	5x	Laemli	Buffer:	10	ml	containing	0.5M	Tris-HCL	pH6.8,	
45%	 Glycerol,	 4.5ml	 SDS	 (0.25g	 dissolved	 in	 1ml	 Tris-HCl),	 2ml	 0.5g	 total	 0.25%	
Bromophenol	blue	(25mg	in	10ml	H20),	0.5ml	B	mercaptoethanol,	1.25ml.	
SDS-PAGE	 protein	 gel	 running	 buffer:	 950ml	 deionized	 water	 +	 50ml	 MOPS-SDS	
(RNAse	free	solution)	running	buffer	(Formedium).	





After	 incubating	 for	 24	 hours	 (with	 or	 without	 drugs	 treatment),	 cells	 were	
trypsinized	 and	 transferred	 to	 a	 15ml	 tube.	 After	 counting	 the	 cell	 population	 using	 a	
Nexcelom	Auto	T4	cellometer,	the	cell	suspension	was	centrifuged	(1000g,	4	minutes,	4℃),	
and	then	the	pellet	was	washed	gently	with	cold	1xPBS	and	kept	on	ice.	The	cell	pellet	was	
lysed	 with	 lysis	 cocktail	 solution	 (107	 cells/ml)	 in	 a	 1.5ml	 Eppendorf	 tube	 on	 ice	 for	 30	
minutes,	with	agitation,	and	 then	5x	 loading	buffer	was	added	and	heated	at	99℃	 for	10	






Appropriate	 volumes	 of	 samples	 were	 loaded	 after	 adjustment	 according	 to	 the	








After	 transfer,	 the	membrane	was	 briefly	washed	with	 1x	 PBS	 twice	 then	 blocked	
with	1x	Odyssey	blocking	solution	for	1	hour	at	room	temperature,	with	gentle	agitation.	
Primary	antibody	incubation	





appropriate	 secondary	 antibody	 solution	 for	 1	 hour	 at	 room	 temperature	 with	 gentle	
agitation.	
Detecting	protein	signals	with	Li-Cor	Odyssey	software	
After	 incubating	 with	 the	 secondary	 antibodies	 and	 washing	 with	 0.1%	 PBST,	 the	
membrane	was	scanned	using	Li-Cor	Odyssey	imaging	system	(Li-Cor,	Lincoln,	NE,	USA).		The	
700nm	 channel	 was	 selected	 for	 detecting	 rabbit	 secondary	 antibodies	 in	 red,	 and	 the	












length	of	 the	 incubations;	 the	quality	of	 the	paired	antibodies;	 the	 correct	 formulation	of	
the	buffers,	 and	 the	 sensitivity	of	 the	commercial	product	 to	being	 stored	 for	a	period	of	
time.	 In	 order	 to	 test	 these	 factors	 the	 lab	 has	 previously	 established	 that	 a	 pair	 of	







Projected	 images,	 from	 images	 acquired	 by	 confocal	 microscopy.	 The	 interaction	 profile	 of	 BubR1-Mad2	 is	









studying	 the	 protein-protein	 interaction	 between	 the	 proteins	 of	 interest	 but	 the	 HeLa	
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Kyoto	 despite	 of	 a	 bit	 over-populated	 (HeLa	 K	 hereafter)	 displayed	 more	 regular	
morphology	 than	HeLa	B,	which	 could	make	 the	 quantification	 and	 comparison	 easier.	 In	
order	 to	 determine	 if	 HeLa	 Kyoto	 cells	would	 be	 behaved	 same	 as	HeLa	 B	 cells	 from	 the	





















was	 found	 to	 be	 quite	 unstable,	 which	 caused	 significant	 obstacle	 for	 progressing	 the	
project.	 The	 PLA	 technique	 is	 operationally	 demanding	 and	 conditionally	 sensitive	 and	
during	 this	period	 it	has	produced	unexpected	and	confusing	 results.	To	 solve	 this,	 I	have	
tried	to	improve	the	protocol	by	optimizing	the	amount	of	the	agents	used	for	reaction,	for	
instance	I	have	increased	the	primary	antibody	dilutions	from	1:500	to	1:200	based	on	the	


















modified	 protocol,	 respectively.	 The	 left	 image	 shows	 a	 typical	 staining	 where	 the	 PLA	 was	 failed	 (A);	 red	







substrates	 for	destructions,	 for	 instance,	the	APC/C	can	be	activated	by	binding	 to	CDC20	
with	 its	 APC8	 subunit	 in	 early	 mitosis	 for	 targeting	 cyclin	 A	 for	 destruction	 in	 SAC-
independent	 manner,	 while	 the	 SAC-dependent	 destruction	 of	 cyclin	 B1	 and	 securin	 will	











the	 specificity	 of	 these	 antibodies	 is	 crucial	 for	 the	 interpretation	 of	 the	 signals.	 All	 the	





APC3	 antibody	 and	 a	 random	 IgG	 quantitatively,	 the	 intensity	 of	 for	 APC3-IgG	 remain	 at	
similarly	low	levels	throughout	the	cell	cycle	stages	(Figure	14).	These	signals	are	treated	as	
the	 non-specific	 background.	 This	 non-specific	 background	 testing	 had	 applied	 to	 all	




Example	 of	 projected	 Z-stack	 confocal	 images.	 The	 red	 fluorescent	 dots	 represent	 the	 qualitative	 levels	 of	
APC3-IgG	 throughout	 the	 selected	 cell	 cycle	 stages:	 interphase	 (Int),	 prophase	 (Pro),	 prometaphase	 (ProM),	
metaphase	 (Met),	 anaphase	 (Ana)	 and	 telophase	 (Telo).	 Cells	 are	 encircled	 by	 white	 dashed	 lines;	 the	
boundary	is	determined	by	the	area	of	the	non-specific	green	background	produced	centrosomes	were	stained	
with	anti-pericentrin	antibody.	Top	 panel:	DNA	was	 stained	with	DAPI,	 shown	 in	grey.	Middle	 panel	 2:	 The	
centrosomes	were	stained	with	anti-pericentrin	antibody	and	FITC	conjugated	secondary	antibody,	green	dots	









Figure	 15,	 example	 of	 Z-stack	 confocal	 images	 shows	 the	 APC3-CDC20	 interaction	
profiles	at	the	selected	cell	cycle	stages	qualitatively,	the	quantitative	results	were	displayed	
(figure	16).	 The	PLA	 fluorescent	 signals	between	APC3	and	CDC20	were	 low	 in	 interphase	






According	 to	 current	 knowledge,	 CDC20	 are	 supposed	 to	 be	 degraded	 before	








Figure	 15.	 The	 interaction	profiles	of	APC3	 and	CDC20	 at	 the	mototic	 stages	of	normal	Hela	 cell	
cycle	
Example	 of	 projected	 Z-stack	 confocal	 images.	 The	 red	 fluorescent	 dots	 represent	 the	 qualitative	 levels	 of	
APC3-CDC20	 protein	 interaction	 at	 the	 selected	 cell	 cycle	 stages:	 interphase	 (Int),	 prophase	 (Pro),	
prometaphase	(ProM),	metaphase	(Met),	anaphase	(Ana)	and	telophase	(Telo).	Cells	are	encircled	with	white	
dashed	lines;	the	boundary	is	determined	by	the	area	of	the	non-specific	green	background	produced	by	the	
centromeres	 stained	 with	 the	 anti-pericentrin	 antibody.	 Top	 panel:	 DNA	was	 stained	 with	 DAPI,	 shown	 in	
































































Figure	 16.	 The	 quantitative	 interaction	 profiles	 of	 APC3	 and	 CDC20	 at	 the	 indicated	 cell	 cycle	
stages	
The	quantitative	average	maximum	intensities	of	the	PLA	fluorescent	signals	of	the	APC3-CDC20	 interactions	
across	 the	 cells	 at	 the	 interphase	 (Int),	 prophase	 (Pro),	 prometaphase	 (ProM),	 metaphase	 (Met),	 anaphase	
(Ana)	and	telophase	(Telo).	10	cells	from	two	independent	experiments	were	quantified	for	each	stage.	Values	




         Comparison of APC3-CDC20








































The	 quantitative	 average	 maximum	 fluorescent	 intensities	 of	 the	 PLA	 signals	 between	 APC3-IgG	 (negative	
control,	orange)	and	APC3-CDC20	(blue)	at	the	cell	cycle	stages	interphase	(Int),	prophase	(Pro),	prometaphase	




conditions.	Values	on	 the	vertical	 Y-axis	 show	 the	average	maximum	intensities	displayed	by	arbitrary	units,	







interaction	 of	 APC3-CDC20,	 two	 APC/C	 inhibitors,	 Apcin	 and	 tosyl-L-arginine	methyl	 ester	
(TAME)	(80,	81)	were	used	for	cell	treatment	prior	to	the	PLA	analysis.	Apcin	binds	to	the	D-














































mitotic	 arrested	 cells	 with	 rounded	 up	 morphologies	 were	 counted	 under	 tissue	 culture	
microscope	 for	calculating	 the	mitotic	 index	 (Figure	18).	Our	 results	confirmed	that	AAME	
has	 no	 effect	 on	 the	 cell	 cycle	 progression	 of	 the	 HeLa	 cells	 compared	 with	 untreated	
(normal)	 cells	 under	 the	 condition	 as	 described	 (Figure	 18).	 The	 cells	 after	 treated	 with	
25µM	APCin	 only	 caused	marginally	 increase	 of	 the	mitotic	 index.	 TAME	 has	 significantly	
increased	 the	cells	arrested	 in	mitosis,	but	 the	 largest	 increase	was	achieved	by	using	 the	






APC3	 and	 CDC20	 as	 shown	 above	were	 genuinely	 reflecting	 the	 real	 dynamic	 interaction	
profiles	of	these	two	proteins	throughout	the	cell	cycle,	we	have	performed	experiments	by	
treating	 the	 cells	 with	 or	 without	 (control)	 the	 combined	 drugs	 (25µM	 TAME+APCin).	







APC/C	 components	 and	 its	 co-activators,	 and	 substrates	 like	 CDC20	 and	 Cyclin	 B1	 by	
western	blot	experiments	(figure	19).		
Western	blot	was	first	performed	using	the	cell	extracts	prepared	from	normal	Hela	




























Figure	 20.	 Western	 Blot	 comparing	 the	 endogenous	 levels	 of	 APC3	 and	 CDC20	 under	 normal	 and	 drug-
treatment	conditions	
Cell	 extracts	 were	 prepared	 from	 Hela	 Kyoto	 cells	 after	 treated	 with	 or	 without	 25mM	 TAME,	 Apcin	 and	
combined	TAME	+	Apcin	for	24	hours.	the	drug	concentration	for	all	three	groups	is	25uM.	Normal	cells	of	no	





Following	 above	of	 the	quantification	of	APC3-CDC20,	 the	APC8-CDC20	 interaction	
profiles	 throughout	 the	 cell	 cycle	 stages	 were	 also	 tested	 to	 explore	 the	 differences	
between	the	 two.	The	quantitative	 results	are	shown	 in	Figure	21.	The	average	maximum	
PLA	fluorescence	across	each	cell	from	projected	Z-stack	confocal	images	were	quantified	at	
interphase,	 prophase,	 prometaphase,	 metaphase,	 anaphase	 and	 telophase.	 The	 signal	






together	 (Figure	 22).	 This	 phenomenon	might	 be	 due	 to	 this	 APC8	 interacted	 CDC20	was	
pushed	 aside	 when	 the	 APC/C	 bound	 to	 the	MCC	 (61)	 in	 prometaphase	 and	metaphase	








































The	quantitative	average	maximum	 fluorescent	 intensities	across	 cells	of	APC8-CDC20	at	 indicated	cell	 cycle	
stages	were	quantified	at	interphase	(Int),	prophase	(Pro),	prometaphase	(ProM),	metaphase	(Met),	anaphase	
(Ana)	and	telophase	(Telo).	10	cells	 from	two	independent	experiments	collectively	were	quantified	for	each	
stage.	 The	 values	 on	 the	 vertical	 Y-axis	 are	 the	 average	 maximum	 fluorescent	 intensities	 in	 arbitrary	 units	
(A.U.).	 p	 value:	 *:	 p≤0.02,	 ***:	 p<0.001.	 The	 maximum	 fluorescent	 intensities	 were	 quantified	 from	 the	
projected	Z-stack	confocal	images	using	ImageJ.		
	
         Comparison of APC3-CDC20








































two	 copies	of	 each	 in	 the	APC/C	 (60).	Our	data	 suggest	APC3	possess	higher	 affinity	with	





regardless	 if	 it	 was	 from	 CDC20APC8	 in	 prophase	 or	 CDC20MCC	 in	 prometaphase	 and	
metaphase	 (64).	 If	 this	would	 be	 the	 case,	we	would	 then	 anticipate	 to	 detect	 persistent	
relatively	 high	 levels	 throughout	 the	 prophase	 to	 metaphase	 similar	 to	 the	 situation	
observed	between	APC3-CDC20	in	prometaphase	and	metaphase	if	this	 is	only	one	APC/C,	
otherwise,	 the	 level	 of	 APC11-CDC20	 at	 prophase	 might	 different	 to	 the	 levels	 at	
prometaphase	and	metaphase.			





interpretation	 was	 complicated	 and	 become	 difficult	 by	 the	 observation	 the	 interaction	
between	APC11	and	CDC20	 remained	unexpected	high	 levels	at	anaphase	and	 lasted	 into	
telophase	when	the	CDC20	supposed	to	be	degraded	(63,	64)	(Figure	23	&	24).	The	APC/C	
catalytic	 sub	 complex	 contains	 3	 APC/C	 subunits	 which	 are	 APC2,	 APC10	 and	 APC11,	 it	
















































stage.	 The	 values	 on	 the	 vertical	 Y-axis	 are	 the	 average	 maximum	 fluorescent	 intensities	 in	 arbitrary	 units	
(A.U.).	 p	 value:	 *	 p<0.01,	 ***:	 p<0.001.	 The	 maximum	 fluorescent	 intensities	 were	 quantified	 from	 the	
	projected	Z-stack	confocal	images	using	ImageJ.	
	































The	 quantitative	 average	 maximum	 fluorescent	 intensities	 across	 cells	 of	 APC3-CDC20,	 APC8-CDC20,	 and	
APC11-CDC20	at	indicated	cell	cycle	stages	were	quantified	at	interphase	(Int),	prophase	(Pro),	prometaphase	
(ProM),	metaphase	(Met),	anaphase	(Ana)	and	telophase	(Telo).	10	cells	 from	two	 independent	experiments	






















in	 order	 to	 shed	 light	 on	 this,	we	 have	 selected	 and	 studied	 the	 cell	 cycle	 profiles	 of	 the	
interactions	between	APC3	 (Cdc27)	and	APC6	 (Cdc16),	and	APC3	and	APC10	 in	HeLa	cells.	
APC3	 and	APC6	 are	 both	 the	 components	 of	 the	 TPR	 arm	 and	APC10	 is	 belonging	 to	 the	




between	APC3	and	APC6	shown	relative	 low	 level	 in	 interphase	and	declined	 in	 telophase	





































Figure	25.	Quantitative	 results	 showing	 the	 interaction	profile	of	APC3-APC6	throughout	 the	cell	
	cycle	
The	 quantitative	 average	maximum	 fluorescent	 intensities	 across	 cells	 of	 APC3-APC6	 at	 indicated	 cell	 cycle	
stages	were	quantified	at	interphase	(Int),	prophase	(Pro),	prometaphase	(ProM),	metaphase	(Met),	anaphase	
(Ana)	and	telophase	(Telo).	10	cells	 from	two	independent	experiments	collectively	were	quantified	for	each	






Figure	 26	 and	 27	 showing	 the	 quantitative	 dynamic	 interaction	 profiles	 of	 APC3-
APC10	at	the	 indicated	cell	cycle	stages.	As	these	proteins	belong	to	the	TPR	sub-complex	
and	 catalytic	 core	 sub-complex,	 the	 interaction	profile	 could	provide	 insight	 into	how	 the	
two	 sub-complexes	 were	 assembled.	 The	 results	 suggest	 that	 there	 was	 only	 basal	 level	
interaction	 between	 APC3	 and	 APC10	 in	 interphase,	 the	 interactions	 occurred	 when	 cell	








































The	quantitative	average	maximum	 fluorescent	 intensities	across	cells	of	APC3-APC10	at	 indicated	cell	 cycle	
stages	were	quantified	at	interphase	(Int),	prophase	(Pro),	prometaphase	(ProM),	metaphase	(Met),	anaphase	
(Ana)	and	telophase	(Telo).	10	cells	 from	two	independent	experiments	collectively	were	quantified	for	each	
stage.	 The	 values	 on	 the	 vertical	 Y-axis	 are	 the	 average	 maximum	 fluorescent	 intensities	 in	 arbitrary	 units	
(A.U.).	 p	 value:	 **:	 p≤0.004,	 ***:	 p<0.001.	 The	maximum	 fluorescent	 intensities	 were	 quantified	 from	 the	
projected	Z-stack	confocal	images	using	ImageJ.		
			
         Comparison of APC3-APC6

























Figure	 27.	 The	 comparison	 of	 the	 interaction	 profile	 between	APC3-APC6	and	APC3-APC10	over	
the	phases	of	the	cell	cycle		
The	 quantitative	 average	 maximum	 fluorescent	 intensities	 across	 cells	 of	 APC3-APC6	 and	 APC3-APC10	 at	
indicated	 cell	 cycle	 stages	 were	 quantified	 at	 interphase	 (Int),	 prophase	 (Pro),	 prometaphase	 (ProM),	
metaphase	 (Met),	 anaphase	 (Ana)	 and	 telophase	 (Telo).	 10	 cells	 from	 two	 independent	 experiments	






The	 development	 and	 survival	 of	 eukaryotic	 organisms	 relies	 on	 cell	 division.	
Accurate	chromosome	segregation	at	the	end	of	mitosis	 is	critical	 for	maintaining	genome	
stability	and	 inheritance.	Mis-segregation	of	chromosome	during	mitosis	can	 lead	to	some	
genetic	 disorders,	 like	Down	 syndrome,	 birth	 defects	 and	 even	 cancers	 (1-5).	 The	 spindle	
assembly	checkpoint	(SAC)	is	the	most	important	mechanism	in	mitosis	which	monitors	the	
segregation	 of	 the	 sister-chromatids	 and	 delays	mitotic	 procession	 so	 that	 errors	 can	 be	
corrected	when	it	is	appropriate	(6,	7).		
The	 SAC	 functions	 to	 prevent	 the	 premature	 sister-chromatid	 segregation	 -	 at	
anaphase	 onset	 by	 inhibiting	 the	 premature	 activation	 of	 the	 activity	 of	 the	 anaphase	
promoting	complex/cyclosome	(APC/C)	by	its	coactivator	CDC20	(cell	division	cycle	protein	
20)	 (6,	 8).	 The	 APC/C	 is	 a	 large	multi-subunits	 protein	 complex	which	 functions	 as	 an	 E3	
ubiquitin	 ligase	 and	 targets	 substrates	 by	 ubiquitination	 and	 consequently	 destruction	 by	
the	 proteasome	 throughout	 the	 cell	 cycle	 (reviewed	 in	 61).	 It	 contains	 three	 functional	






are	 two	 E3	 ligase	 complexes	 (Reviewed	 in	 61).	 The	 APC/CCDC20	 primarily	 controls	 the	
metaphase/anaphase	 transition	 and	 mitotic	 exit	 by	 targeting	 Cyclin	 B1	 and	 securin	
destructions	 through	 regulation	 by	 the	 SAC	 (Reviewed	 in	 61).	 The	 SAC	 inhibitory	 signal	 is	
mainly	 cascaded	 onto	 the	 unattached	 kinetochores	 to	 produce	 diffusible	 a	 “anaphase	
waiting”	 signal,	 which	 refers	 to	 a	 four-protein	 complex,	 the	 mitotic	 checkpoint	 complex	
(MCC)	 (Reviewed	 in	63).	The	MCC	 is	 formed	 from	two	sub-complexes	of	BubR1-Bub3	and	
Mad2-CDC20	 (Reviewed	 in	62)	 and	 its	 function	 is	 to	 inhibit	 the	APC/CCDC20	 to	prevent	 the	
premature	degradation	of	Cyclin	B1	and	securin	until	all	the	kinetochores	have	achieved	the	




in	 prometaphase	 independently	 of	 the	 SAC	 (64).	 The	APC/CCdh1	 however	mainly	 functions	
during	the	end	of	mitotic	exit	and	in	the	G1	phase	(20).		
In	 late	mitosis,	 the	 APC/CCdh1	 targets	 substrates	 like	 Aurora	 A	 and	 UBCH10,	 PLK1,	





APC8	 in	 prophase	 and	metaphase,	 to	 specify	 cyclin	 A	 and	 cyclin	 B	 for	 ubiquitination	 and	
hence	degradation	(20).	At	the	same	time	the	MCC	can	also	inhibit	this	new	CDC20,	which	
has	already	bound	to	and	activated	the	APC/C	to	prevent	cyclin	B1	and	securin	destructions	
(13).	 The	 destructions	 of	 cyclin	 B1	 and	 securin	 require	 CDC20	 interaction	with	 APC3	 and	
APC8	 and	 also	 require	 APC10	 (Doc1),	 whereas	 it	 only	 need	 to	 bind	 to	 APC8	 for	 Cyclin	 A	
destruction	(13).	However,	 the	dynamic	 interactions	of	CDC20	and	the	components	of	the	
APC/C	 have	 never	 been	 studied	 in	 vivo	 during	 the	 cell	 cycle;	 so	 there	 is	 no	 information	
available	about	whether	CDC20APC8	and	CDC20MCC	are	bound	to	the	APC/C	at	the	same	time	




protein	 interactions	 between	 APC3-CDC20,	 APC8-CDC20,	 and	 APC11-CDC20	 intended	 to	
examine	 the	 interactions	 between	CDC20	 and	 the	APC/C	 and	 also	 examined	 the	 dynamic	
assembly	of	the	APC/C	by	looking	at	APC3-APC6,	and	APC3-APC10	complexes.	
The	Duolink	PLA	technique	utilizes	two	primary	antibodies	raised	in	different	animal	
species	 for	 targeting	 two	 different	 proteins	 of	 interest	 in	 fixed	 individual	 single	 cells	
(http://www.olink.com/products/duolink/applications/protein-interactions).	 A	 pair	 of	
species-specific	PLA	probes	conjugated	with	unique	short	oligonucleotide	tails,	bind	to	the	
primary	antibodies	and	act	as	a	template	when	the	two	PLA	probes	are	in	close	proximity	(<	
40	 nm)	 for	 rolling	 circle	 amplification	 to	 incorporate	 fluorescent	 labeled	 oligonucleotides	
into	the	products.	This	amplified	fluorescent	signal	can	be	detected	and	quantified	based	on	
microscopy	 images	 (80).	 Thus	 the	 PLA	 technique	 has	 some	 unique	 and	 irreplaceable	
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characteristics,	 for	 instance,	 it	 is	 one	 of	 a	 few	 widely	 used	 and	 commercially	 available	
methods	 for	 analysing	 protein-protein	 interactions	 in	 their	 native	 state	 suing	 individual	
single	cells	(77),	and	as	such	it	avoids	biochemical	extraction	or	the	creation	of	exogenous	
over-expressed	 fusion	 proteins,	 and	 can	 assign	 signals	 to	 specific	 subcellular	 locations,	
although	 it	might	not	provide	sufficient	accuracy	 to	 localize	 the	 signals	 to	 superstructures	
like	 the	 kinetochores	 (81).	However,	 the	 successful	 completion	 of	 an	 assay	 depends	 on	 a	
variety	 of	 factors	 as	 it	 requires	multiple	 steps	 and	 having	 a	 positive	 control	 is	 extremely	
important,	and	attention	to	detail	at	all	steps	is	essential.	As	the	PLA	merely	indicates	when	
the	 two	 proteins	 of	 interest	 are	 within	 40nm	 of	 each	 other	 (80)	 proving	 that	 that	 the	
interaction	of	the	two	proteins	is	genuine	requires	verification	by	other	means	(80).		In	this	
project,	 the	 specificities	 of	 all	 the	 antibodies	 used	 were	 tested	 by	 pairing	 with	 an	
appropriate	random	IgG	either	by	myself	or	by	other	 lab	members	and	these	will	serve	as	
the	negative	 control.	An	example	of	 the	negative	 control	 confocal	 images	between	APC3-
Random	IgG	and	the	relevant	quantitative	results	were	shown	in	Figure	14	&	16	respectively.	
As	 a	 result	 of	 the	 test,	 by	 comparing	 to	 the	 negative	 control,	 the	 dynamic	 PLA	 signals	
produced	 between	 APC3-CDC20	 at	 the	 indicated	 cell	 cycle	 stages	 are	 less	 likely	 of	 non-
specific	consequence	(figure	14	&	16).	We	have	performed	experiments	to	test	if	these	PLA	
signals	 reflect	 the	 genuine	 dynamic	 interactions	 of	 AOC3	 and	 CDC20	 at	 the	 cell	 cycle	
indicated	using	two	APC/C	inhibitors.	TAME	(tosyl-L-arginine	methyl	ester)	has	been	proved	
to	physically	disrupt	the	interaction	between	APC3	and	CDC20	(84).	AAME	(Acetyl-L-Arginine	
Methyl	 Ester),	 a	 non-functional	 analogous	 of	 the	 TAME	was	 used	 as	 the	 negative	 control	














for	 instance,	 APC8-CDC20,	 APC11-CDC20,	 APC3-APC6	 etc.,	 at	 the	 same	 time,	we	 had	 also	
attempt	 to	 establish	 siRNA	 experimental	 condition	 to	 transiently	 knockout	 the	 protein	 of	
interest	 from	 the	culture	 cells	 as	an	alternative	approach	 to	 test	 the	genuine	 interactions	
between	APC3	and	CDC20	reflected	by	the	PLA	signal	The	preliminary	results	showing	that	





signals	 for	 the	 interaction	profiles	of	 the	protein	of	 interests,	by	comparing	PLA	signals	at	
the	indicated	cell	cycle	stages	which	potentially	reflect	the	interaction	profiles	between	the	
protein	pairs	of	APC3-CDC20,	and	APC8-CDC20,	 it	still	provides	some	new	insights	 into	the	





early	 prometaphase,	 and	 is	 able	 to	 target	 Nek2A	 and	 Cyclin	 A	 for	 degradation,	 and	 the	
APC/C	can	only	target	cyclin	B1	and	securin	for	destructions	at	the	end	of	the	mitosis	(60).	It	
has	been	suggested	that	the	APC/C	change	its	substrates	specificity	by	binding	to	a	second	
CDC20,	 this	 second	 CDC20	 interacts	with	 APC8	 of	 the	 APC/C	 and	 activate	 the	 APC/C	 and	
targets	Nek2A	and	Cyclin	A	for	ubiquitination	hence	destruction	(61).	This	second	CDC20	can	
also	 be	 inhibited	 by	 the	MCC,	 and	 the	 destructions	 of	 Cyclin	 B1	 and	 securin	 will	 require	
CDC20	 interacts	with	APC3	 and	APC8,	 and	 the	 processes	 requires	APC10	 (Doc1)	 too	 (61).	
However,	 the	 in	vivo	spatiotemporal	 interaction	of	CDC20	with	the	APC/C	has	never	been	
revealed,	and	the	two	CDC20	(CDC20APC8	and	CDC20MCC	were	interacted	with	the	APC/C	at	
the	same	time	or	at	the	different	time	point	in	the	mitosis	remained	elusive.	In	this	project,	
by	 comparing	 the	 interactions	 cell	 cycle	 profiles	 between	 APC3-CDC20	 (CDC20MCC)	 and	
APC8-CDC20	(CDC20APC8)	(Figure	20),	the	overall	signal	strengths	of	the	APC8-CDC20APC8	are	






CDC20APC8,	 and	 APC11-CDC20APC3	 interacted	 at	 the	 same	 time,	we	would	 expect	 to	 see	 a	
same	 strength	 interaction	 signals	 at	 prometaphase	 and	 metaphase,	 otherwise,	 APC11-
CDC20APC3	should	be	higher	the	same	as	observed	for	APC3-CDC20MCC	(Figure	20).	Although	






(21),	 and	 its	 co-activator,	 CDC20	 in	mitosis	 and	 Cdh1	 in	 G1/S	 phases	 (21).	 Human	 APC/C	
comprising	 14	 distinct	 proteins	 of	 19	 components	 (34),	 it	 consists	 of	 scaffolding	 platform	
domain	 comprising	 of	 APC1,	 APC4	 and	 APC5;	 the	 catalytic	 domain	 composed	 of	 APC2,	
APC10	 and	 APC11;	 the	 TPR	 (tetrapeptiderepeat)	 arm	 domain,	 consisting	 of	 APC3,	 APC6,	
APC7,	and	APC8	etc.	(Reviewed	in	61).	The	TPR	arm	is	also	important	as	the	scaffolding	and	
stabilizing	 the	 APC/C	 as	 well	 as	 regulatory	 roles	 (Reviewed	 in	 61).	 However,	 whether	 all	
these	components	were	required	at	the	same	time,	and	how	the	APC/C	was	assembled	 in	
vivo	of	 the	cells	 remained	 largely	unknown.	The	components	of	 the	APC/C	studied	 in	 this	
project,	APC3,	APC6,	APC8	are	belonged	to	the	TPR	domain	and	APC10	and	11	are	the	core	
components	 of	 the	 catalytic	 domain.	 We	 have	 therefore	 studied	 the	 interaction	 profiles	
between	APC3-CDC6	 and	APC3-APC10	 to	 study	 if	 the	 components	 of	 APC3	 and	APC6	 are	
always	stay	 together	or	not	as	 it	has	been	shown	that	CDC27(APC3)	and	CDC16	 (APC6)	 in	
Drosophila	could	differentially	localised	in	mitosis	(64).	APC3	and	APC10	are	associate	with	
the	 two	 different	 functional	 domains	 of	 the	 APC/C,	 the	 PLA	 signals	 of	 APC3-APC10	 could	
provide	insights	into	the	dynamic	assembly	of	the	APC/C	in	the	cell	cycle.			
The	 quantitative	 results	 shown	 by	 the	 figure	 25,	 the	 APC3-APC6	 interaction	 is	 cell	
cycle	regulated,	it	stays	low	in	interphase	and	increases	in	prophase	and	reached	the	peak	




APC3-APC10	 remained	 low	 in	 interphase	 and	 prophase,	 the	 interaction	 was	 significantly	
increased	in	prometaphase,	and	was	continuing	to	increase	till	to	the	anaphase,	and	then	it	
was	 dramatically	 reduced	 in	 telophase.	 These	 observations	 might	 suggest	 that	 the	 two	
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